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PART I: STUDY OF THE EFFECT OF FREE-STREAM TURBUL_CE UPON

DISTURBANCE3 IN THE PRE-TRAN$ITIONAL LAMINAR BOUNDARY LAYER

3ECTION .

INTR 0DU CT ION

It is widely accepted that Tollmien-Schllchting (T-S) amplification plays a

principal role in the physical process of boundary layer transition to

turbulence. Accordingly, much work has gone into the development of the linear

theory in order to describe the effects upon wave growth of pressure gradient,

heat transfer, cross-flow, non-parallel flow, etc., and computer programs which

incorporate these developments are in current use. However, instability

amplification is but one aspect of the transition problem, an equally important

part being that referred to as the receptivity problem. There, it is sought to

understand the origin of those flow fluctuations which subsequently become

amplified within the layer, thereby attaining the level of nonlinearity and

breakdown to turbulence.

The receptivity of a boundary layer to fluctuation sources arising from

sound, vibration, free-stream turbulence, and other sources needs much

clarlflcatio_ The stated objective of the present work was to measure the

influence of free-stream turbulence upon a Blaslus boundary layer, with

particular emphasis upon determining the location within the layer T-S waves

are first detectable for the case of a weakly turbulent stream. This

information is expected to amount to a first step in descrlbir_ the mechanism

by which these waves become excited. A central problem in this invesutgatlon

was to be able to distlr_ulsh T-$ waves from those other motions of the layer,

such as the ones due to a passive response of the layer to the external

vortlcity and pressure fields, which contribute to amplification only in an

indirect manner.

This problem was a_proached by recognlzlr_ that each of the various motions

believed to be important has a characteristic speed of propagation which

differs substantially from that of the others. Therefore, separation of the

various types of fluctuations has been carried out on the basis of phase speed,

and reasonable success obtained. It is this aspect of the present work which,

as much as any other, dlstlngui._hes it from previous experiment_

No attempt will be made here to describe the available literature.

Experimental results are contained in Befs. ; - ;5, and t_eoretlcal ones in

16 - 20. Of particular note, compilations of the data on the measured location
of transition in respose to a variation of the turbulence level are given in

Ref_ 10, 11, and 13. Erperiments which are especially relevant to the present
investigation are those of Klebanoff, as yet unpublished, of Arnal and

Julllen 21, and of Reshotko and Leventha122. Klebanoff's work _oncerned an

attempt to distinguish T-S waves from other motions as in the present study,

but a different approach was taken. Also, he carried out measurements on the

turbulence length-scale as a further means of identification of fluctuation

type and source. The experiment by Arnal and Juillen contains spectral results
on free-stream and boundary layer fluctuations in the presence of two different

turbulence-producing grids, and without a grid. The experiment by Reshotko and

Leventhal contains information on low frequency fluctuations and the growth

within the layer of these.



3ECTION II

EQUIPMENT AND TECHNIQUES

The experiment was conducted in a low-turbulence wind tunnel 2.0 m lone by

0.35 m wide by 0.60 m high ovur tDe velocity range 8.5 to 18.0 m/see. The test

plate, 1.5 m-lone by 0.60 m-wlde, was configured with a semi-elliptlcal leading

edge and wa_ constructed of acrylic plastic in order to provide an optical-

quality surface finish. All measurements were carried out between the statlons

x = 0.3 m and 0.6 m, measured from the leading edge. The plate was mounted

vertically between the floor and celllng of the tunnel, and midway between the

sidewalls. The latter were adjusted in dlverger_oe to provide a static pressure

which was everywhere equal to that of the room. F:'g. I presents pressure

measurements obtained upon the sidewall opposite the "_orking surface of the

plate and upon the oeillng of the tunnel, no taps havlng been provided on the

plate itself. The datum of the figure which is slngularly low was influenced by

the proximity of a blade-llke strut upon whleh a probe was supported. The

strut, in turn, was carried by a three-axis traverse _eehanlsm, installed

beneath the test section, which provided 0.0025-cm t-esol,tion and commensurate

rlgldlty. A cover-plate placed about the strut prevented airflow into or out of

the test section.

A turbulerce-produeing grid was substituted for the last turbulence-damplng

screen in many of the tests. The grld eonslsted of a planar array of 0.635-cm

diam. rods aligned vertically and spaced laterally on 5.O-era centers across the

1.8-m x 1.8-m cross-section of the upstream end of the contraction section. The

latter provided a 15._ : I reduction in area along a 2.2-m length. The grld

was removed or replaced as appropriate during each test in which its effect

upon the flow was to be examined, an action requiring 0nly a few seconcs and

which assured maximum equality in all other test oondito_a.

Most aspects of the experiment were oarrled out udder computer control,

Including the steering of the traverse, the sequencing of the data acqulsltlorb

the acquisition itself, the data reduction and display, and t_e data storage. A

dedicated mlnicumputer, an Interdata Mod. 70, incorpoated dual 10-blt analog-

to-dlgltal (ADC) converters through which all data, except those of statlc

pressure, were obtained. Two main programs handled most of the data analysis.

The Irst accomplished signal analysis to obtain the mean and varlanee of time-

series data, and, as described below, provided mean velocity and rms
fluctuation level results. The other, based upon an FFT routine, performed

spectral analysis, and provided phase-difference and coherence information from
dual time-series data streams.

All flow measurements except those of static pressure were made by weans of

hot-wire anemometry. The probe employed throughout the experiment incueporated

two sensors, each O.06-cm long. The two wires were separated in the streamwlse

dimension for the purpose of phase measur_-ment, tO be described later.

Measurements other _han those of phase were made by use of the forward element

only. The wires were heated by constant-temperature anemometry circuits for

those measurements in which the signal was large in comparison with the

electronic noise, and by constant-current circuitry where the minimum-

2
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attainable noise level was necessary, as was t_'_,_ ::._,ee for free-stream
measurements in the absence of the grid.

The signals were amplified and filtered in accordance with need. Where the

mean velocity an_ the fluctuation level were to be measurgd sim'-'itaneously, as

within the layer, the signal of the forward sensor was applied to a dc-

amplifier whose unfiltered output was connected to an ADC, and was also applied

to an ac-ampllfler and fl]ter whose output was connected to a second _C. The

gains of the two amplifiers were set individually to match the voltage range of

the ADC's. The filter high cut-off frequency was set such as to minimize

allaslng, and the low cut-off frequency was set to 0.3 Hz. For measurement of

the phase relation between the two sensors, each signal was ac-ampllrled and

f£1tered as de_rlhe_ except that In most cases the low cut-off frequency was

set to 13 Hz in o_der to eliminate the large, low-frequency, components and to

maximize thereby the dynamic range of the measurement.

The wires were calibrated upon emplacement well ouside the boundary layer by

varying the tunnel speed In stepwlse fashion from zero to a suitable maximum.

The dc-amplifed signal was digitized for 12 - 15 values of speed, and the
resulting values were represented as _ polynomial function of velocity by means

of a least-squares routine. During subsequent measurement of the mean and

fluctuating velocities, the de-signal yielded the mean velocity at any flow
conditon through the stored analytlc relation, and the variance of the ac-

signal, together with the relative electronic amplification and the derivative
of the voltage-velocity relation at the prevalll_ velocity, yielded the rms
fluctuation level.

In addition to frequency analysis by the FFT method, it was convenlent in

many cases to employ an analog narrow-band filter to follow the development of

fluctuations of a specific frequency. A General Radlo Mod. 1564A Sound aria

Vibration Analyzer, which may be described as a tuned amplifier for which the

band-pass Is proportional to the =enter frequency, served this function. The
band-width was set to one-thlrd octave, and the electronic gain at the center

frequency was incorporated In the data-reductlon program.

The aforementioned dual-sensor probe was used in measuring the x-component

of the propagation or convection speed of flow fluctuations as a means for

classifying the latter as to type or cause. The two wires of the probe were

separated in the stream direction by a distance 1.02 cm, were offset in the

lateral direction by 0.1 cm, and were aligned in the direction normal to the

plate to be equidistant from the surface. The lateral offset, determined by

test, prevented the wake of the forward element from influencing the aft one.

The dual tlme-serle_b obtained by digitization of the amplifled and flitered

signals aL a 1.O-kHz rate, were transformed simultaneously in complex form

using block lengths set to values between 128 and I024 for various test_ From

the transforms were computed the real autopower of each signal and the comple_

crosspower of t_e tw_ and these were summed In turn to form the averages. At

the conclusion, the averages of the autopower of each signal, the coherence,

and the phase difference of the two signals were determined. These quantities

are defined as follows:
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G11 = SIS I

G22 = S2S2 l

G12 = $1S2 l

_ = G12 G12•

GllG22

Xutopower I.

Autopower 2.

Crosspower.

Coi_eren0e.

_(s I) zm(s 2)
_m = Tan'1 Tan-1

nl(s 1 ) el(S 2)

Phase Diff.,

where _1 and _2 are the averages of the transforms of the two series, and the •
symbol denotes the complex conjugate.

One aspect of the ensemble avera_[m8 which bears explanation concerns the
general process by which the phase angle Is determined. As each transform ls

computed in turn, the complex crosspower for each frequency is added

vectorially to the cumulative sum. For signals of high coherence, the phase
vectors computed sequentially lay in nearly equal directions, and thus were

additive. For the case of low coherence, as at high frequencies where

electronic noise was not alwabs small or where the persistence of a fluctuation

was short In comparison wltn the transit time from one sensor to the other, the

vectors lay In random dlrectlon_ and tended to 0ancel. Although the coherence

is a direct measure of thls randomness, the smoothness with frequency of the

results also serves thls purpcse well. Accordlng/y, _oherence results will not

be presented, and information derived from phase results wlll be limited to

frequencies below 300 Hm, approximately.

The relation between the measured phase angle and the phase speed of waves

moving past the probe is most readily apparent for the case in which there

exists a unique relation between _te wave number and the wave speed, as for T-S

waves. For agiven family of waves, the z-component of the wavelength _x is
given by

2qT Lx
)_X :

m(f)

where L x is the axial spacing of the sensors (the lateral offset being
neglected), f is the frequency of wave passage, and where the average of the

measured phase difference _ re(f) has no ambiguity, i.e., there exists not more

than one wavelength within the sensor epaclnK L x. The x-component of phase
speed is then

Cl x( x) m

QOm(f)U o

That i_ the propagation spe_d of waves of a given class may be determined from



the pha_e measurement. The cue in which multiple types of waves are present is

cor,sldered subsequent ly.

Two-dlmenslonal T-S waves were employed to test the accuracy of the

technique. Such waves were introduced into the boundary layer by affixing an

earphone to the reverse side of the plate at a station x : 0.3 m. Four 1.0-mm

orifices spaced laterally on 2.0-ram centers transmitted the signal to the

working side of the plate. The bot-wlre probe was placed at 0.6 m and in

lateraLl alignment with the orifice pattern for the interception of 2-D waves.

The earphone was excited slnusoldally, and for each or several frequencies

throu_out the unstable band the amplitude, phase difference, and coherence

were recorded at a number of positions through the thickness of the layer. The

angles were converted to phase speed as above, and were set into ratio with

the theoretical result obtained from Oaster's series method. Taese results are

presented in Fig. 2. and indicate that the performance was good except near
the location within the layer where the etgenfunot£on vanished, approximately

-3.6 for the frequencies and Reynolds number tested here. a sample
elgenfunction is shown for reference in Fib 3. Further, it was possible to

vary the amplitude of the most unstable waves over 33 dB range without

affectir4 the phase difference. The bacRground fluctuations of the layer
established the lower limit, and non-llnearity of the waves set the upper

limit. Waves at the lower limit were much weaker than those dlscermable by eye
on an oscilloscope.

Because 3-D T-S waves are also important in general, oompusatlon was made of

the dependence of Cpb x upon the wave angle,_ . Fig. _ shows the results for

several values of the dimensionless frequency, F - 2_ f_?/Uo2 , for a typical
Reynolds number. Because waves steeper than 60 ° are not expected to be
important in the present experiment, it is apparent that wave obliquity does

not produce a large error in the interred wave speed.

Interpretation of the phase angle results in terms of a disturbance
propagation speed is stralghtforw_d only when there exists a single family of

disturbances. However, it remains possible to derive valuable information when

two wave families are present, as when T-_ waves and ones travelling at the

stream speed, i.e., ones driven by free-stream turbulence, coexist within the

layer. Consider a possible outcome of a phase measurement as shown in the

Complex Plane

sketch for a single, arbitrary,
frequency. The crosspower vector labelled

C is that of the composite signal, as

sensed by the probe for the ease of
linear fluctuations. On account or

linearity, this vector may be decomposed
into the components 1 anO 2 which

represent the contributions due to the
two families. It is essential in

performing the decomposition that the two

pha_e angles be known a priorl, and tn£s

was the case for the experiments to be
described. Use is made of the

dee_positlon in determining wave growth

in _ectlon III.

5



3ECTION III

RESULT3

I. FREE-_TREAM FLUCTOATION_

It became apparent at the outset of the experiment that the stream contained

a great deal of fluctuation energy at frequencies far below those of importance

to T-_ ampllflcatlon, and that the measurement of such energy posed two

problems. First, the level measured by means of the hot-wlre depended strongly

upon the low-frequency cut-off of the amplLflcatlon system. For example, the

level dr termlned in the absence of the turbulence-produclng grid using a

commercial amplifier with a speclfioation of 1.0 Hz amounted to less than two-

thirds of that determined by use of _he custom circuit employed for all results

presented. An implication of this Is that comparison of results from the

literature on the basis of free-stream fluctuation level requires care unless
the bandwidth of the measurement is known in each case. Second, a problem

unique to the present tunnel is that heat from the motor entered the tunnel

intake and raised the apparent free-stream fluctuation level by approximately

25 percent over a period of four hours. Correction of this problem was not
attempted.

Based upon the discovery of the importance of the fan inlet conditions, the

tunnel configuration was modified for the remainder of the experiment by

installing 5.0-ca hexagonal-cel_ honeycomb witnln the 0.9-m diam. fan inlet,

and by preceding this with the turbulence-damping screen which had been removed

from the tunnel for installation of the grid. The free-stream rms signal

amplitude in the grid-absent case then diminished a_proximately two-fold with

respect to the prior level. It is believed that the screen and honeycomb

reduced the level of turbulence ingested from the room, thereby rendering the

fan lift more constant. The improvement pertained mostly to low frequencies,

and the spectrum in the T-S frequency band was not altered greatly.

Figure 5 presents the axial distribution of the broadband rms fluctuation

measured at a locatlo_ 5.0 cm from the plate surface with the grid both

present and absent, as obtained duri_ alternate forward and aft traverses of

the probe. The scatter is attributable to the averaging of a small number of

ensembles. In related measurements it was found that the rms amplitude was

approximately independent of the distance from the plate, except within and

near the boundary layer, and also was approximately independent of wind speed.

Therefore, the levels given within Fig. 5 typify the broadband fluctuation

levels imposed upon the boundary layer t_roughout the experiment.

The axial variation of the fluctuation amplitude for the particular

dimensionless frequency, F - 27_f_/U^ 2 = 1.0 x I0 "4. lying near the upper

limit of the range important to T-_ amplificatlon, is given in Fig. 6. The

mlno, o increase of level with x is not believed to be slgnlfloant, and the

result is taken to indicate that turbulence decay was insignificant within the

frequency range of interest in the premnt experiment.

Figure 7 displays one-dlmensional spectra measured 5.0 cm from the plate for

the grid-present and -absent cases. The reference level of the ordinate is



arbitrary, but the two curves are shown wlth correct relative placement. The

spectral features of the lower cur_e are apparently due to electronic noise
within the low-level signal; the Drequencles and magnitudes of the features did

not depend upon wind speed. Two important results are evident. First, the
extreme steepness wlth which the _id-absent spectrum rises at low frequency

explains why the low-frequency performance of the electronic tn._trumentatlon

affected the apparent fluctuation level determined here, and probably in other

experiments, as well. _econd, whereas introducing the grid increased the free-
stream fluctuation amplitude by approximately fifty percent, i.e., from 0.07

percent to 0.11 percent, according to Fig. 5 and to other data not _-hown, the
Intensity within the T-S freque_y band increased by approximately 20 d_ 1.e,

by ten-fold in amplitude. The frequency tease of unstable T--_ waves extended
from 75 to 250 Hz, approximately, for the range of Reynolds numbers or tne

present experiment.

One specification of the free-stream turbulence which is of particular
Interest in connection with the effect of unit Reynolds number upon transition
Is the vartataon of Intensity with wlnd speed. It was stated above that the

broadband level was independent of speed, but, because this result pertained

mostly to frequencies far below those of T-_ ampllftoatlont measurements were
made with the grid installed for frequencies within the T-_ range. Fig. 8 given

the variation with tunnel speed of the rms amplitude wlthin three one-third

octave bands ooTertng much of the T-S range of Importance. Here_ the frequency

of analysis was adjusted In accordance wlth changes in wtndspeed such as to
maintain the dimensionless frequency constant. It is to be noted that the

analyzer bandwidth was automatically maint_.tned proportional to the center

frequency, as ls appropriate for rendering the results dlmenslonlese_

It may be seen that the fluctuation levels for velocities below 10.0 m/see

varied in opposition to those at higher speeds. It Is believed that the low

speed behavior Is a peculiarity of the facility and of the grid, whereas the

higher speed results may be more typical. The Reynolds number of flow past the
grid rods was less than 400 at t_e lower speeds, a range in which the the wake
of a cyl£nder becomes Reynolds-number dependent. The fluctuation variation

evident above this speed would be expected to produce a unit-Reynolds-number

effect upon transition consistent with results from the literature, but this

matter was not investigated.

2. BROADBAND FLUCTUATION DEVE_0PMD_T IN THE LAYER

The broadband fluctuations measured wlthln the layer fur the frequency range

0.3 Hz to 300 Hz are presented for four x-stations In Figs. 9a - 9d. Grid-

present and grid-absent data are given in each case, together with the mean

velocity profiles which were obtained concurrently, f_ ,IETA in the figure) is
the Blaslus coordinate. It will be shown subsequently l_at the x-range of the

survey spanned the region within which T-$ amplification comme,.ced.

The general shapes of the fluctuation profiles of the figure resemble each

other, and also are in close conformity wlth results of similar nature given by
Klebanoff (unpublished), Arnal and Jutllen21, and by Reshotko and Leventna122.

All found that the profile peaks occurred at rt = 2.3, and the present results

reproduce this accurately. Moreover, Klebanoff had shown that the

J
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characteristic shape of the profile was explainable in terms of the Blaslus

profile according to a thlckenlng/thlnnlng motion of the layer, which he
referred to as "breatnlngm.

The values of the peak fluctuation levels of the curves, obtained by fairing

the data in the vicinity of the crests, are given in Fig. 10. It is apparent

that the fluctuations grew stronger at a modest rate during their downstream

course, a result known from both the Klebanoff and the Reshotko and Leventhal
studles.

It is important to note in the flgure that the fluctuation amplitude within

the layer tripled in response to the Inst_llatlon of the grid, whereas the

stream level increased not mope than fifty percent, according to Fig* 5. A

satisfactory explanation of this high degree of receptivity is not available,

but It may be offered that the layer response was not in linear ratlo on

account of the free-stream fluctuations having been composed of differing
types of motion in the grid-present and -absent cases. The free-stream

measurements described thus far were not adequate to distinguish such a
difference, but results presented below support this assertion.

As a further observatiorb altho_h the fluctuations within the layer in the

grid-present case exceeded seven percent, a level which is known to produce

nonlinearity for the vortical fluctuations which precede transition,

nonlinearity may not have been significant here on account of the long

wavelengths involved. The slow and orderly growth of the low-frequency

components provides assurance on this matter, However, the low frequency waves

a/most certainly affect the formation and growth of _.he T-S components.

3. NARROW'BAND FLUCTUATION DEV_.OPNENT IN THE LA_'F._

An observation believed to be of importance was immediately apparent upon

starting those measurements wnlch were conducted by the use of the ome-thlrd

octave analog filter. In contrast to the wldeband hot-wlre signal, which

appeared to be steady in time when viewed by means of an oscilloscope, the

filtered signal was highly non-statlonary, especially when the probe was placed

within the layer and the filter tuned to the T-S frequency range. Here, the

filter appeared to have been excited by pulses contained within the hot-wire

signal occurring at time intervals amounting, on the average, to several times

the exponential decay time of the filter. Attempt has not yet been made to

quantify this observation.

Before describing the spatial variation of boundary layer fluctuations

within the T-- _ region, it is appropriate to show representative spectra
covering a more complete frequency range. Fig. 11 pr_ents grid-present and -

absent spectra obtained at the location of the wtdeband amplitude peak for a

Reynolds number at which T-S amplification was unimportant. As in Fig. 7, the
relative placement of the curves is correct, but the reference level is

arbitrary. Through comparison with Fig. 7, it is evident that each signal

contained relatively less high frequency than was present in the stream, a
result noted by Arnal and Julllen 21, and that the additional fluctuation

introduced by the grid was proportloRately less here than in the stream. Fig.

12 presents normalized spectra measured at various values of_ , showing a



relative decline of higl_ frequency energy as the probe was set deeper wlthln

the layer. Included there are the values of the relative electronic gain
utilized in placi_ the cur_es at the levels shown in the flare.

Measurements were made, with the grld installed, of the fluctuation

distribution within the layer for various values of the dimensionless

frequency spanning a major portion of the T-S amplification range. _Igs. 13abb

present amplitude profiles and concurrently-measured mean velocities for an x-

station at which T-S wave amplitudes were observed to be unimportant. The

profile for the lowest frequency, Fx10 4 = 0.2, appears to be qualitatively

similar to the broad-band results of Ft_ 9, except that the peak was located

at a value of _ -- 3.3, and the ratio of peak to free-stream amplitudes was much
less than that inferred from Figs. 5 and 10. Wlt_ increase of FxlO 4 toward 1.0,

the profiles became concave upward In the wall re,on and the location of the

peak moved progressively to sreater values ofQ , rea0hlng _.5, for which

U(_ )/U 0 - 0.97. A18o, the ratio of peak to free-stream amplitudes diminished
greatly with Increase of frequency. Whereas the very low frequencies, i.e.,

those which contributed most heavily to the free=stream level, i_duced motions

fairly deep within the layer and which were 60-fold, approximately, greater in
amplitude than those of the stream, the fluctuations within the T-S freque_y

range induced much weaker ones in the layer, and tbe_e remained much clo_er to

the e@_e of the layer.

The most stgntflca_t r_ult contained within Figs. 13a, b is that the layer

was caused by the the free-stream turbulence to execute a characteristic

motion which contal_d temporal frequencies for which the layer, at somewhat

_tgher Reynolds numbers, was unstable. Howeeer, the amplitude profile of this

motion through the layer bears little similarity to that of a T-_ wave, as

reference to the elgenfunctlon presented In Fig. 3 indicates. Accordingly, this

forced motion is presumed to be unrelated to T-S fluctuations.

T-_ waves possessing a frequency near Fx10 q = 1.0 are expected from theory

to be among those to s_-_ear earliest along the length of the plate.

Accordingly, the growth of fluctuations of that frequency was measured for

four staL1ons ooverlng the region in which 7-S wave growtl_ was expectea to

commence. Figs. 1_a - d present the dat, for the grld-installed case.

Insp_otlon shows that the peak value of the fluctuation mmplltude remained

nearly constant along the x-direction, in accordance with the free-stream

fluctuation amplitude, but In contrast wlth the broadband fluctuation growtm

seen t__'. Fig. 10. Al_o, it mgy be noted that although the lc_atlon of the peak,

expressed 1_ terms of_ , did not change from station to s_atlorb the profiles
became somewhat fuller with increase of L

The most important effect contained here is the growth of signal amplitude

near the looatlon_ -- 1._, as is most readily apparent In Fig. lqd. This
growth is believed to be a consequence of T-S amplt_lcatio_ _eference to FI_

3 indicates that the location _ = 1.5 is near the amplit_de peak of the T-_

etgenfunctlon, and It is there that the disparity in shape betwee_ the forced-

wave profiles and the elgenfunotions is greatest. Accordingly, that is the
location for whloh _-S waves are most easily dlstln_£shed against the

background fluctuations. _he rate of growth of waves at this location is

considered in a later _ectlon.
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A further study of narrowband wave development was made at increased tunnel

speed, with the frequency of analysis having been lowered to FxlO _ = 0.8 In
accordance with t_e Increase in maximum Reynolds number. It is to be pointed

out that the increase of speed must have been accompanied by a reduction in

free-stream fluctuation level, according to Fig. 8. Figs. 15a- f present the

profiles obtained for these conditions, and most of the observations offered

concerning FIgs. 1_a - d are relevant here as well. However, there is seen here
at the more forward stations a higher relative fluctuation level near the wall

than prevailed £n the previous figure, a disparity which might have been due to

a dependence of the free-stream fluctuation composition upon speed. The onset

of wall-reglon fluctuation growth is again evloent. It is seen bat the prof£1e

shape at the final station differs greatly from those recorded at the earlier

stations, and that the maximum amplitude had grown greatly (note the difference

in scale). The T-S component appears to have become predominant.

Mention has been made of a poasibillty that the composition of the free-

stream fluctuation differed in the grld-present and -absent cases. Further

evidence of this was gained by measuring the layer response in t_e absence of

the grid. Fig. 16 _ows that the profile shape differed greatly from that with

the grid present, lndlcatlr_ that the forcing mechanism in the two cases must
have differed. As a cautionary note, the grid-absent result is believed to

contain a small, hut non-negligible, contribution due to electronic noise

within the weak signal.

4. PHA_E MEA.q.UR_TS; DISTURBMCE PROPAGATION SPEED

As in Section IL, the phase measurements obtained by use of the dual-sensor

probe may, under certain circumstances, be interpreted in terms of a wave

propagation speed for the purpose of classifying disturbances as to type or

cause. The relatlon between phase and speed was given there. Here, however,

only phase-difference results are showr_ but these are interpreted in terms of

fluctuation type according to the corresponding speed whenever possible. The

goal in this part of the investigation was to isolate the component of the

signal due to T-S waves from the remainder of the fluctuation fleld, ana to

record the growth of T-_ wave energy.

Two results of significance may be conveyed fully without graphical display.

First, when the probe was removed to the free-stream and the tunnel fluctuation
level was further increased by the insertion of an additional 6.3-ram rod near

the grid such that its wake was incident upon the probe, the phase then
recorded was everywhere linearly proportlorgal to frequency, with t_e inferred

convection speed of all wave components equalling that of the stream. This is

the result expected for a va-ticity field, and it constitutes further evidence
of the reliability of the experimental technique.

Second, for the grid-absent case, with the probe positioned at any value of

rtwlthin the layer and at any x, the phase angle was ZL£E_ for all

frequencies, except for slightly negative values of phase at the lowest

frequencies. The definiteness of the vanishing of the phase was taken as
evidence that an unidentified class of fluctuations contributed most of the

signal energy, because the recognized mechanisms of T-S oscillation and of

wave-forcing by the turbulence would have produced non-zero phase angle_ When

I0



the probe was placed in the stream and the grid was absent, the quality of the

result was poor, as indicated b; a low coherence. The phase was then mostly

zero except for substantial excursions at several of the spectcal features

attributed to nots_ present within the two signals, The var_isb/ng o/ the phase
In both the stream and in the layer constitutes further evidence that tne

cuaposltion of the free-st._eam fluctuations differed substantially in the grid-

present and -absent cases.

One interpretation of the zero-phase result is that the residual fluctuation

in the grld-absent case was principally a mass-flow variation induced by

unsteady lift of the tunnel fan blades. This type of motion would have been

communicated by downstream- and upstream-running acoustic wave_ accounting for

the vanishing of the phase angle. Clearly, this supposition requires testing
before acceptance.

The phase difference for grid-present fluctuations within the layer is

presented in Fig. 17 for a Reyaolds number at ehtoh, apparently, T-S waves had
been induced by the stream. The four traces for each location through the layer

are exact repetitions of the measuremeDt, and Indicate In a general way the

reproducibility, or lack thereof, of the results due to the aforementioned non-

statlonarity of narrowband obsereattons. Two anomalies are evident in the

figure: the negative values of angle seen at low f_equenoies in the upper three

curves are as yet unexplained, while the two departures from constant slope

seen in the bottom figure are due to electronic noise.

interpretation here is potentially difficult because it is recognized that
the layer may respon_ slmultanously to the exterior vorticity field, to the

aforementioned pressure field, and to the presence of T-$ waves. However, the

results are seemingly understandable for the regions of the layer _ear the wall

and near the edge, shown as the top and bottom curve sets of the figure,

respectively. Near the wall, and neglecting the negative phase values, the

phase varies in a manner explaimble by assuming the simultaneous presence of
two wave types: T-S wave_ and those zero-phase ones wnlch predominate in the

absence of the grid. Unfortunately, the phase was not measured at the specific

location of the elgenfunctlon peak, and at the next height of measurement the
relative T-S contribution had diminished, as seen. The indefiniteness of the

phase results evident at the next two sDatlons outward may imply that tnere

existed a mixture of forced waves and of those unidentified motions wtLtch make

up the characteristic profiles of Figs. 13 and 1_. Near to and beyond the edge

of the layer the phase variation approaches that of the free-_tream vorticitY
field, as expected.

The development of the phase difference near the wall was followed along x
as a _eans of observing the onset and growth of T-S wave amplitude. Fig. 18

shows tfe results obtained at _ = 1.0, approx/Bately, for flve stations. Again,
four repetitions of each measurement were made, but these were averaged and
faired for display. Also shown is the phase variation, computed by Gaster's

method, w_lch would have prevailed if the T-_ cuRponent had been predominant.

The onset and growth of the T-S component is clearly evident by the departure
of the phase angle from zero and by the approach toward the theoretical vaZue.

The autopower spectra of each of the two signal_ mea_ured concurrently with

the crosspower and phase but not presented, revealed a dtscernable "swelling"
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within the T-_ frequency range as x was increased. This served as fur,net

evidence of T-S amplification, but was not sufftently distinct on account of
its broadness to render it useful in quanttl_ir_ the growth. Als_ although the

progression of shape with distance seen in Fig. 18 Is not uniform, the
downward movement of the center frequency wlth increase of x is In accordance

wtt_ the prediction of theory.

5. T-S WAVE GROWTH

Figures 19a, b present the wave growtL computed by Gaqter's me,Deal for two

frequencies of importance near the onset of instability, with two wave

oblique_ess angles being Included. In each case the ami)litude is expresssea

logarithmically, and is normalized to that at the lower-b:anch neutral point.

Experimental wave growth rates have been determined from the results

contained in Figs. 111, 15, and 18, and are e_mpared with theory in Figs. 19a, b.
For the former two figures, the fluctuation amplltuae at a location near

J'l.., 1.5 has been taken to represent the value at any station, and the

streamvlse variation of thls used to indicate grovtn. In each case, the

amplitudes at the upstream stations have been taken as reference values, and

the logarithms of the amplitude ratlos at subsequent stations are given In the

figure. Because no distinct feature appears at the stated value of _ for the
more forward or reference stations, care is required in the tr, terpretatzon of

the growth results, given below.

Estimate was also made of the wave growth by use of the phase a£frerence

results of Fig 18 for the particular frequency Fit0 q = 1.0. Further explanation

of the technique described In Section II Is n_cessary. Based upon results

presented above, It is assumed that the fluctuations In the wall region are

composed of ones wlth zero phase dlfferenoe, and of T-S waves, for which the

phase ls as given in Fig. 18. Further, it £s assumed that the growth of the

former type within the x-region of interest £s negligible and that the constant

amplitude Is denoted by AO. The unknown T-_ amplitude Is denoted by Al(X).
Because the two angles are known, the ratlo of the amplitudes has been

deteralred according to simple trigonometry as:

AI(x) Sin( CP m)

A0 sin( (p ts - (0 m)

where _ m and COts are the measured and T-S phase differences. For
presentation, the Iogarlthms of the ratios derived for the several stations

were adjusted by the addition of a constant in order to bring the value at the
first station to zercb there being no clearly deflned reference value, and the

slope of the result being the important qua_tttyo

The results within Fig_ 19b Indicate that the two methods yield stmllar

growth rates, and that this growth apparently did not commence until a station
well past the onset of instability was crossed. However, once the g/owth became

detectable against the backgound components, It preceded faster than that of a

continuous, parallel, wave train, which the theory treats. The excess of growtn

rate over the theoretical value _Lght have been caused by an inception over the
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surface or the plate of new wave packets, which thereby grew in number, in

lateral extent, and as in strength, during downstream progression.

6. CONCLUSIONS

For a pre-transitional Blasius boundary layer in a weakly turbulent wlnd
tunnel stream it was found that:

a. The free-stream f]uctuatlons were spatially unirorm for frequencies not

exceeding those at the upper limit o¢ the T-S range.

b. In the absence of a turbulencs-produciug grid, most of the fluctuation

energy lay at frequencies far below those of importance for T-S amplificat_on.

Installing the 8cid raised the broadband tree-stream fluctuation level

approximately 50 percent; however, the increase within the T-S frequency range

was approximately lO-fold.

c. With the grid present, the videband fluctuation level was nearly

independent of tunnel speed, but the variation within certain constant

dlmenslo_less fTequenoy bands was substantial, an observation cf importance in

the consideration of unit-Reynolds numt_r effects upon transition.

d. With the grid present the free-stream fluctuations were found to be

convected at free-stream speed, as expected for a vorticity field. The

c_nvection results were tndefl_ite in the _id-absent case. Apparently, the
fluctuation composition differed f'rom that in the grid-present case*

e. Within the layer, the nor_alized profiles of broadban_ fluctuation

amplitude through the layer were nearly equal in shape in the grid-present and

-absent cases, but the peak value was apprortmately three-fold hlEher wlth the

grid present. In both cases the level increased with x. The profile shape, peak

level, and relative growth were in accordance with results obtained by others.

r. The fluctuations within the layer contained proportionately less hlgh

frequency ene:.gy than those of the stream for both the 8rld-present aria -absent

caseSo

g- Within the layer, the characteristic fluctuation amplitude proflles for
fluctuations falling within the T-S amplification range differed, dependin8

upon whether thegrid was present or absent. For the former case, the peak or

the profile lay near th_ outer edge of the layer, and the magnitude was

independent of x. However, fluctuation growth was observed to commence near the

wall, and this was attributed to T-_ amplification. T-_ waves were not found
within the Reynolds number re.on of survey in the _Id-absent case.

h. Phase-d, ifferencc measurements were obta/ned withXn the layer, and these

provided supporting evidence for the existence of T-S waves, as mentioned
above. The neasurements were interpreted in terms o¢ the relative proportion of

the total fluctuation at any location contributed by the T-$ wave component.

t. Two independent methods were then employed for determining T-_ wave

8rowth, ice., an amplititude method and a phase method. These yielded a



similar result, showlr_ that the onset of T-S wave growth occurred downstream

of the neutral Reynolds number, an4 that the maximum growth rate exceeded that

expected from theory.

J. The results show that fluctuation energy was injected by the free-stream
Fluctuations .4.nto the layer along Its length, and that T-S wave formation at

the forward stations of the plate was unimportant.
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PART II: LAMINA_ BOUNDARY LA_ER DISTORTION BY

SURFACE ROUGHNESS; EFFECT UPON STABILITY

_C'I "ON I

TRODU CTION

_urface roughness is one of several factors which strongly influence the

location of transition to turbulence upon aerodynamic vehicles. With tne

development of various linear stability theories, together with the growth in

computational capability, it has become both usual and worthwhile to attempt to

understand transition phenomena in terms of stability results, and to use

these, in turn, for prediction. A central requirement of all stability theories

is that the mean flow profile of the layer be specified everywhere. While

various programs can yield information about the profile and its dependence

upon pressure gradient, heat transfer, etc.,, the ability to predict the effect

of roughness upon the flow profile is limited. Neither the experimental results

nor the analytical methods presently available are yet adequate.

The present experlmsnt.s attempt to supply ir3ormation concerning the effect

of distributed roughness for the case where the roughness height, k, is small

compared to the layer thickness, and for Reynolds numbers Re k, based upon k and
the velocity at the height y-k, which transcend those for which the presence of

the roughness alters the transition location. It is to be emphasized at the

outset that the present work is neither a stabilty experiment nor a transition

experiment, but rather is a microscopic investigation of the mean velocity

within layers where small roughness is present.

Roughness of the scale considered here is likely to exist in high-unit-

Reynolds-number flows whe_-e boundary layers are exceedingly thin. It might be

supposed that small roughness heights would produce small distortion of the
flow, and indeed this is the case here to such extent that complex experimental

methods were necessary in order to measure the distortion. That such small

perturbations are important is illustrated by a stability-theory result

provided by L. M. Mack (private communication) who found that specifying a

pressure gradient for an Initlally-Blaslus laminar layer such as to increase

the wall friction by one percent increased the most-unstable wave amplification

rate by five percent. This increase would be expected to diminish a transition

Reynolds number considerably, had one been computed, on account of the

exponential growth. Thus, even small roughness may be important. Several

review articles relating to the effect of surface roughness on the boundary

layer mean flow and to the consequent effect of this upon transition have been

presented. Preeminent are the ones by Horkovinland by Sedney 2, both of which

include extensive reference lists. From these it is apparent that three

distinct categories of roughness have been studied: 2-D isolated elements, 3-D

isolated elements, and distributed roughness. It is worth summarising the

principal features of each. Two-dlmenslonal roughness, typified by a linear

surface irregularity aligned normal to the external flow direction, constitutes

the type which is best understood in terms of underlying mechanisms. Klebanoff

and Tidstrom3 showed that, for a Blesius layer in which a circular cylinder

with diameter of the order of the displacement thickness was immersed, the

element itself did not initiate flow fluctuations; rather, it modified the

mean flow profile locally to a form more unstable to the preexisting
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fluctuations arriving at the station of the element. It was the flow

immediately aft of the cyli_er, i.e., the fln/te-ler_th recovery zone, which

was partlcuiarly unstable, and which provided a net increase of fluctuation

level. Tr,e flow about isolated, 3-D elements has been studied by Gregory and

Walker 4, by Tani, Komoda, Komatsu and luchi 5, by Mochizuki6, 7, and by Gupta 8.

The flow here is rather different from the 2-D case in several ways. When Re k
is sufficiently low that transition does not o_cur close behind the element,

the wake produced by it is very persistent along the downstream dimension,

remalnlng narrow and possesslag a substantial velocity defect for many tens of

roughness helg_hts. The flow visualization studies of Gregory and Walker 4 and

of Mochizuki5,7 reveal the existence of two vortex pairs which extend

downstream within the wake. One of the Fairs originates upstream of the

protuberance in the form of a horseshoe , while the other is induced by the

separation zone behind the element. Velocity measurements have been made in the

wake by means of hot-wire anemoaetry by Tani et alS, by 14ochizuki ?, and by

Cupta 8. An Important consequence of the vortical system evident in these

experiments is a vertical transport of momentum. Hochizuki's experiments

showed wltb great clarity that as Re k was increased beyond about 300, the wake
spontaneously became unstemdy, and excuted a large-amplitude, laminar

oscillatior. Transition did not then ensue in consequence, but as Re k surpassed
about 600, a wedge of turbulence centered upon the wake formed far downstream,

and moved rapidly closer to the element with increasing Re k. Th_s observation
is consistent with the results of the other experiments as well, including the
earlier one of Von Doenboff and Horton 9, wherein the effect of sandpaper

roughness upon transition was determined by means of hot-wire anemometry.

There, transition was unaffected for Re k < 600, whereas it moved to the first
location of roughness for values above this level. The practical effect of a

3-D protuberance is +hat transition either is induced at the element, or is
not greatly affected by _.t.

Distributed roughness may be defined as an assemblage of 3-D elements of

various heights and spacings disposed about a surface. Although it is not an

es3entlal feature, present interest is directed toward the case in which both

the height and spacing are smaLll in comparison to the boundary layer thickness.

A more essential restriction is that the Re k of the elements be below that
which induces t_ansitlon at the element, i.e., below about 600. Distributed

roughness transition data for incompressible flow are provided by Felndt I0 and

by Acbenbacb 11. Felndt's measurements included the effect of a systematic

variation of the pressure gradlent, including both positive and negative

values. For values of the Reynolds number based upon free-stream velocity,

rather than upon that at the top of the element, below about 120 the transition

location equalled that on the fully smooth surface, while for higher vaules the

location moved pro_p-esslvely forward. A shortcoming of the Felndt experiment

was that the turbulence level of the airstream was rather high, and

consequently, the zero-pressure-gradlent tran31tlon Reynolds number was

several-fold lo,,_r than that achieved in many experiments. A current view

provided by th_s experiment Is that a surface must be polished such that Re k
not exceed 50, approximately, if the highest possible high transition Reynolds

numbers are sought.

The measurements by Achenbach were made usi_ a circular cylinder in cross-

flow as the test model, accordIng to which th_ pressure gradient was everywhere
favorable except near separation. The boundary layer properties for this

experiment have been computed by Herkle, Tzo_ and Kubota |2, from which it is
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learned that the roughness size utilized was for most conditions larger than
the momentumthlckne_s of the layer. Owing to the stagnation of the flow at the

front of the cylinder, the values of Re k were low there, and transition
occurred no farther forward than 10° from the axis.

A recent experiment which paralleled the present one to some extent has been

described Dy Reshotko and Lvventha113. There, the mean profile above a

sandpaper-covered surface which supporte_ an initially-Biasius layer vas

measured, and the flow-fluctuatlon development was studied. The results

indicate that the Blaslus profile was displaced outward from the wall without

other apparent modlfleatlon, anc that the low-frequency fluctuatlon growth,

rather than the Tollmlen-Schllchting frequency growth, was increased

substantially. Transition to turbulence was moved forward, as expected.

A number of analyses of the effect of roughness have appeared. The one Oy

Merkle, Kubota, and Ko I_, pertaining to distributed roughness, has attracted

considerable attention. A more recent version of this is given in Bef. 12. It

is hypothesized that the roughness induces flow unsteadiness near the wall,

i.e., produces a turbulent sublayer beneath the laminar flow, and that this

alters the momentum transport, thereby enhanolag the Tollmlen-Schllchting

instability. Through suitable adjustment of the free parameters incorporated

within the model, predicted transition locations agreed with certain

experimental results. A more basic analysis of the distributed roughness

problem has been carried out by SinEh and Lumley 15. Hcf fman and Lumley 16 found

an unfavorable comparison between results cf this analysis and certain ones

obtained by use of the method of Refs. 12 and 14. However, they pointed out

that the analysis was not applicable in cases where the wall slope was steep,

such as for sand-graln roughness. Finally, Smith, Sykes, and Brighton 17 have

employed trlple-deek analysis to analyze the flow close behind a low surface

protuberance. Merkle et a112 have utilized this analysis to consider the effect

of surface waviness on the mean flow profile.

SECTION II

F_UIP_NT AND TECHNIQUES

The experiment was conducted in a low-turbulence wind tunnel 2.0m-long by

O.35m-wlde by O.60m-high which provided a free-stream fluctuation level below

0.1% over the speed range 0 to 3Ore/see. The lateral walls of the tunnel were

adjusted such as to yield a static pressure which was everywhere equal to the

ambient room pressure to within one percent of the dynamic pressure. The

turbulence level and pressure gradient of the tunnel are described further in

Part One. The test plate, 1.Sm-long by 0.6m-wlde, was constructed wlth an

elllpt'_ al leading edge, and was mounted vertically between the floor and

ceiling of the flow channel. It was composed of aery1_c plastic in order to

allow maehinabillty and to provide a surface finish of optical quality. Hot-

wire probes were supported upon a three-axls, computer-controlled traverse

mechanism whose resolution was 0.001 inches (0.00250m). A useful option of the

software eontrolllng the traverse provided the ability to maintain the sensor

height (the dimension normal to the plate) such as to follow a constant

velocity layer as the probe was swept alone either the streamwise or lateral

direction. The traverse was located below the tunnel; a strut which held the

flow sensor extended into the ohaanel through a slot in the tunnel floor.
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All flow measurements except those of static pressure were made by use of

hot-wire anemometry. Two probes were used principally: the active length of one

was 0.25 am, while that of the other was 1.5 am. The shank of each was 1.25mm-

diam by 5 cm long. The first of these was appropriate for measuring the lateral

variation of velocity in the narrow wake behind a 3-D element. The longer

sensor length of the _econd probe formed a lateral average of the velocity

when measuring the distortion produced by distributed roughness elements. The

probes were operated by means of a Thermo-Systems, lnc. 1050-Serles hot wire

set. Owing to the close proximity of the sensor to the wall in these tests, a

preliminary evaluation of error due to heat loss to the wall was conducted by

drilling a 6.35am-diam. hole in the plate surface and then covering thls with

10-mlcron aluminized Mylar. It was found that for the flow speeds utilized,

wall loss was not important.

Hot wire linearizatlon and calibration were carried out with the aid of an

Interdata (Perkin-Elmer) Model 70 computer system wl_ich was utilized also to

control all aspects of the measurement sequence and for data reduction. This

system incorporated a 10-blt high-speed ADC (analog-to-dlgltal converter) which

digitized the amplified hot-wire signal In bursts of 2048 samples. The

digitization rate was typically set to 5000/sac. For calibration, the sensor

was placed in the tunnel free-stream, and for each of many flow speed settings

the wire output was measured. The reponse was represented analytically using

the least-squares method, and a look-up table was generated. This converted

each possible output code of the ADC to the equivalent velocity. The software

also formed the mean and the variance of the 2048-sample ensembles. Three

types of surface roughness were tested. The first type was a single 3-D

element, wherein a 0.75mm-diam cylinder protruded through a hole in the plate

into the airstream by a length 0.37am, designated as the roughness height, k.

This =gritm was attached to the armature of a miniature electric solenoid

mounted on the rear side of the plate. The activation of the solenoid under

program control caused the grit to retract flush with the plate surface. The

purpo_ of this is described below. The second consisted of #80 abrasive which

was applied to a surface prepared by coating with water-base adhesive. The

surface was held oblique while the grit was sprinkled in order to improve the

spatial uniformity of the grlt density. The third type of roughness consisted

of a two-dimensional array of 0.3Cam-diam. glass beads affixed to the plate on

a square-grid pattern 0.62am on a side and aligned 45° to the flow direction.

This test surface was prepared by applying contact adhesive to the surface,

laying a 4C-mesh wire screen over this, brushing a supply of loose beads about

the screen such as to admit one bead into each pore, and removing the screen

with care_ Because the velocity perturbations to be measured in the case of

the single roughness-element wake were of very small magnitude, signal

averaging techniques were necessary for accuracy. By measuring the velocity at

a specific point with the grit alternately present and absent, small

differences could be determined reliably. It was necessary, of course, to allow

tlme for the flow to become established after activation of the grit, and tests

were conducted to determine such requirements. Four ensembles of 2048

digitizations were obtained for each half of the grlt-present/grlt-absent

cycle. The number of cycles was adjusted as necessary to values between five

and 80, the latter number being required for velocit_ measurements far behind

the element. A profile of 50 measurement points of 80 ensembles each, for

example, required more th_n four hours, but involved no operator attention.

Signal averag/ng was also employed in the distributed roughness case, i.e., for

the #80 abrasive and for the bead array. Thls type of roughness could not be
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retracted into the plate, but Instead was applied to a rectangular area of the

surface of a 20cm-dlam. turntable which was set into the test plate flush with

the surface. Motor-driven rotation of the turntable through 180 ° under program

control causes the grit to be transported away from the area where it coulC

influence the measurement. On account of the larger perturbation caused by this

type of roughness_ five ensembles sufficed in most cases.

The hot-wlre data thus acquires included the mean velocity for both the

grlt-present and -absent conditions, the variance for each of these velocities,

and the standard deviation of the difference of the two mean velocities. These

were stored in disk files for analysis and aisplay as appropriate.

SECTION Iil

RE.._ULTS

I. TYPES OF RESULT; FORMAT OF PRESI_TATION

It was reasoned at the outset of the experiment that small roughness would

p_oduoe a small distortion of the flow, and that it might be possible to

describe the perturbation due to distributed roughness as a sum of the

contributions of the individual elements which make up the roughness field.

That is, that linear superposltlon might be useful in obtaining an

understanding of distributed roughness effect_ Accordingly, the measurements

to be described consisted of studies of the wa_e of a single element, of the

interaction between the wakes of two elements in proximity, of the interaction

of the wake of one clement with the wakes of a multitude of other elements, ana

finally, of the distortion due to distributed roug_hnes_

In carrying out these experiments, it was found that the variance of the

velocity with respect to its mean, which represents the flow fluctuation, did

not increase significantly in the presence of roughness. This quantity was
therefore not analyzed further. All results to be presented pertain to the

station x = 0.6 or 0.7 m, a region chosen la preference to a more aft one in

order to permit the attainment of higher values of Re k- Preliminary results at
x = 1.3 m indicated that the profile there was also represented by the Blasius

theory, and that transition did not occur on the plate.

In all cases the velocity defect produced by the roughness under test is

presented, and , except for the distributed roughness case, the profile of the

velocity itself is omitted. The defect is the difference in velocity between

the smooth-wall case and that in the presence of roughness. It is to be

understood that in the absence of the latter the profile was described

accurately by the Blaslus theory, so that the defect represents the departure

of the pr©file from this when roughness was present.

2. SINGL F,-Im.EMi_IT RESULTS

As explained below, the sing/e-element perturbation field may be classified

i_to neau--.ake and far-wake reg_tons. Fig. I Presents the centerllne-profLle of

we. _oclty defect within the inner one-fourth of the layer for four near-wake

statlon_ and for a particular value of Re k- _ is the co-ordinate y/x times the
square-root of the x-Reynolds number. It is seen that the defect is everywhere

of positive sign, that it increased from a zero value at the wall with positive

" 53



second derivative, that it attained a maximal value _ a location slightly above

the crest of the element, and that it declined to a small _roportlon of this

value at _ = 1.5. The defect continued to decline in the region _ = 1.5 to 6.0,

not shown, and was zero at that outer llmlt. Other near-wake profiles for values

of Rek between 25 and 135, obtained in less detail and not shown, were similar
in shape to those given, with the peak defect occurring near the height of the

element crest for the near-wake region.

Fig. 2 displays the lateral variation of the normalized velocity defect at

four stations which fell within both the near-wake and far-wake regions. Owing

to the narrowness of the near wake, a numerical deconvolution program was

utilized to estimate the error due to the use of the small, but flnlte-slzed,

hot-wire probe in surveying this regior. It was found that for the forward-most

profile of Fig. 2, the maximum error occurred at the centerllne, and that thls

amounted to less than five percent. This level of accuracy was considered

satisfactory, and no correction for probe size was applied to the defect

amplitude data, whlcb are given later.

The differlng character of the two upstream profiles from the downstream

ones constitutes one indication that the boundary separating the two regions

lay between the stations _ x = 12 and qO, where _ x = X-Xk. The figure shows

that the centerllne defect became negative beyond this boundary, probably as a

consequence of two effects. First, the near-wake amplltude dlmlnlshed rapi_y

bedrid the element, as in Fig. I, and second, the vortical system mentioned in

Section I, and described below, remained of nearly constant strength along the

streamwise dimension. This system induced a downward flow of faster-moving

fluid at the centerllne and an upward flow of slower fluid at off-axi_

locations.

The profiles of Fig. 2 were obtained in each case by traversing the sensor

laterally at the constant height for which the centerline defect was of maximum

magnitude, whether positive or negative. The helghts of maximum defect for the

stations A xlk = _ and 12 are apparent in Fig. I. Horeover, the #I-profiles of

defect at all far-wake stations were similar in shape and in height to that

shown in Fig. ; for _xlk - 20, and thus the maximum defect and the

corresponding height of survey were located near_ --O.Y to 0.8 for stations

Ax/k > 20 at this value of Re k. The profiles were non-similar in the inter-
mediate region between the near and far eakesb but were approximately equal in

vertical dimension to those found either closer to or farther from the element.

The lateral and vertical profiles obtained throughout the region of survey,

which extended to _xlk = _80, showed that the wake remained compact in both

transverse dimensions in comparison with the boundary layer thickness For the

near wake, both the vertical height and the lateral width were apparently

established by the size of the element. In the far-wake region, the height

remained relative constant, whereas the lateral width increased somewhat, as in

Fig. 2, thereby promoting a measure of two-dlmenslonallty.

Fig. 3 presents the x-variation of the peak veloclty defect observed along

the centerllne within the near-wake and intermediate regions. It can be seen

that the defect declined exponentially in the region extending to _xlk = 25,

and that the decay ceased there, marking the end of the near-wake region.
Within a short distance behind this station the centerllne defect became

negative, denoting the forward boundary of tl_e far-wake region.
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Indicated on the ordinate of the figure is the value of the Blasius velocity

at the top of the element, U(k)/Uo. Because the data may be extrapolated
forward to this value, approximately, it seems that the magnitude of the near-

wake defect sealed wlth the velocity there. As the free-stream vel¢.city was

varied such as to cover the Re k range 25 to 135, the near-wake peak defect
continued to show the sane exponentla_ decay rate as that seen in the figure,

while the level of defect, taken as the extrapolated intercept upon the

ordinate, varied approximatsly as the I/2-power of the velocity. This also

described the variation of U(k)/Uo, thereby supporting the assertion that the
initial defect scaled wlth that quantity.

Fig. 4 presents the amplitude of the peak velocity defect which prevailed

along the full extent of the region of survey, except that only those near-wake

results which fit within the range of display are included. The far-wake

results have been divided into those wlth a negative defect, i.e., with an

increase in velocity in the presence of the element, and those with a positive

defect. These two classes lay respectively on the centerline, and at

symmetrically disposed locations on either side of the wake, as In Fig_ 2. The

relative constancy of the two curves seen in Fig. 4 beyond _x/k = 100 implies

that the wake assumed a rather permanent form, and might have persisted into

the transition region, had one existed. The magnitude of the centerllse defect

near the farthest station of survey was of the order of one-half percent of

the free-stream velocity, but Decause the defect lay close to the wall the

local stress there must have been altered by a few percent.

Fig. 5 depicts the genera/ configuration of the defect distribution in the

far-wake region as viewed in the streamwise direction. The probe was stepped

through the two-dimenslonal array of points of measurement whose loea_ons upon

the Flar.e _x/k = 80 are denoted by crosses, and the contours were drawn in

accordance. The lateral extent of the figure is approximately one boundary

layer thickness and the vertical extent is half a layer. It is evident that

most of the perturbation occured relatively close to the wall, a result which
prevailed to the aft limit of survey.

Although the contours do not directly yield the :ross-flow streamline

pattern, they do glve some indication of this. In particular, the far-wake

centerllne defect was everywhere negative, in accordance with the previous

figure, and this means that the horseshoe vortex pair transported fluia toward

the plate at the centerllne and away from the surface at the two locations of

positive defect. The associated momentum transport evidently exceeded that due

to viscosity, for the latter was inadequate to diminish the strengbh of the

induced flow during its streamwise translation, as seen in Fig_ 4. Attempt has

not yet been made to integrate the momentum excess and deficit over the plane

of this figure in order to determine the fate of the deficit initially present

in the near-wake.

3. MULTIPLE-GRIT INTERACTION STUDIES

Tests were made In which a second, non-actuated, "grit" equal in dimensions

to those of the retractable one, was placed in axial proximity to the latter.

It was found that the presence of the upwind element reducd the additional

defect due to the downwind one by only 30 percent wheD the center-to-center

spacing was two diameters, and that this reduction vanished rapidly with

increase of separation. The form of the wake was not altered. However, when the
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relative positions of the pair were reversed, keeping the separation at two

diameters, the near wake of the upwind member was split in two as it flowed

past the arc one. The symmetry of the wake was then critically dependent upon

the accuracy of the lateral alignment, and it became difficult to judge the

magnitude of the defect. However, at 12 heights behind the aft element, the

wake was restored to the approximate form and magn/tude of the free-element

result.

A second type of interaction study was conducted in which the retractable

element was centered within a roughness field 2.0 cm wide by 5.0 cm long. the

latter dimension amounting to approximately 100 mcmentum thicknesses. This

field consisted of glass beads in the same arrangement as was used for the

distributed roughness studies described below. Here, the wake of one element

among more than 104 was individually distinguishable. The velocity defect for

this case is presented in Fig. 6. There, it is seen that the magnitude of the

defect was diminished three-fold, approximately, in comparison to the

smooth-wall case, and that the symmetry was altered. However, the shape and

dimension of the vertical profiles were unchanged, and it may be seen in the

figure that the wake was not w_dened. Hence, it retained its compactness. The

reduction of the defect is believed to have been due to a sheltering of the

central element by the wakes of other elements preceeding it in location, while

the asymmetry may have resulted from a failure to align the axes of the bead

array with the flow direction accurately, as indicatod by the sensitivity to

lateral alignment in the two-element experiment.

Both the double- and multlple-grlt results imply that there may exist a

degree of validity to the concept, of linear superposi_.ion of wakes in

describing the distributed roughness velocity profile. However, the usefulness

of this may be limited by an uncertainty in the magnitude of the sheltering of

each constituent element by those _:Jeac of it.

4. DISTRIBUTED ROUGHNESS MEASUBKM_TS

Preliminary experiments concerning distributed roughness composed of #80

abrasive applied to the turntable surface revealed the presence of an effect of

some importance. There, the profile above a 7.5 cm-length field was surveyed at

several stations, and it was found that, in contrast to the single element

case, the defect profile extended to the outer edge of the layer. In the

latter case, the defect was mostly confined to the inner one-sixth of the layer

at similar Rek, as in Fig, I. Here, the defect was observed to have a small but
measurable value ahead of the field, bo increase in magnitude monotonically

along the first two-thlrds of the length of roughness, and to decline

thereafter, reaching one-half the maximum value at the trailing boundary. The

defect was relatively uniform alone the lateral dimension except near the edges

of the field.

A presently-held view which may serve to explain these findings is that the

roughness retarded a quantity of fluid adjacent to the wall, and that this,

together with the bulk volume of the roughness, displaced the outer portion of

the boundary layer outward from the wall, thereby inducing a pressure field.

According to this reasoning, the lower fluid velocity observed within the outer

layer was not principally the consequence of retardation by viscosity or by

pressure, but rather of the outward translation of the slower-movlnE fluid of

the layer as it passed over the roughness. The pressure field may have
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accounted for the defect observed upstream of the forward boundary, and for the

decline of defect ahead of the aft boundary. Attempt was made to measure the

expected pressure field by means of a wall-contact static pressure probe. The

data so-obtalned sufficed to prove the existence of such a field, but did not

define its value well on account of the small magnitude.

In order to determine the flow response to an outward displacement of the

boundary layer through a known distance, and to further assess certain aspects

of experimental technique, tests were made in which the abrasive usually

applied to the turntable was replaced in succession by Mylar sheets of 0.013

and 0.025 cm thickness. Each was 5.0 cm wide by 16.0 cm long. The velocity

defect profiles measured at various stations upstream and downstream of the

leading edge were found to be similar in shape and linearly proportional in

magnitude to the thickness of the step for the two cases. Fig. 7 displays

results for the thinner material. As is to be expected, the defect is seen to

approach that corresponding to a simple translation of the layer away from the

wall. However, it is apparent that the readjustment process is rather slow,

requiring hundreds of step-heights.

The results obtained subsequently pertained to the flow over a bead-array

roughness field which extended 8.0 cm in both the upstream and downstream
directions from the site of measurement, and 2.5 cm laterally on each side. The

8.0 cm-length amounted to approximately 150 momentum tnlcknesses in the smooth-

wall layer. Fig. 8 shows the mean velocity profiles measured over the rough

wall and over the smgoth one, with the Blasius theory being given for

comparison with the latter. It is evident that in the rough-wall case the outer

portion of the layer has retained the shape of the Blasius profile but has been

translated outward from the wall. A similar result has been found by Reshotko

and Leventha113- As mentioned, the displacement is believed to be due to the

presence of the retardeu fluid near the wall, and to the volumetric

contribution of the elements. The latter was estimated from geometrical

considerations to be 0.13 times the bead diameter, or approximately fl : 0.04 .

The observed displacement was q = 0.25, and thus greatly exceeded the

contribution due to the roughness volume.

The figure shows that the vertical gradient of velocity vanished within a

region near _ = 0.4, i.e., near the element crests_ Based upon a recognition of

the momentum transport mechanism afforded by the vortical wakes of upstream

elements, a reduction of gradient was expected in this region, but. the apparent

absence of a gradient was regarded as surprising_ Therefore, two supplementary

tests were carrl._d out. The first concerned examination of all aspects of the

hot-wire calibration and heat-loss, but revealed no evidence of significant

error, ihe second test, with bead-roughness, verified that the profile was

reproduced when the axial station of measurement was varied in steps amounting

to one-fourth the bead-array spacing, i.e., that local details of the flow

about the elements were not predominant. In consequence of such tests, it is

believed that the vanishing of the gradient was not an artifact of the

experimental method_

The velocity defect corresponding to the difference between the smooth and

rough-wall profiles is presented in Fig. 9. There, the displacement effect of

the outer flow is further verified by the conformity between the measured

defect and the gradient of the Blasius profile for the region _ > 2.0,

approximately. A departure of the measurement from the relevant theoretical
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result is more readily apparent in this figure than in the previ_:,s one. Here,
such a departure is seen to have occured at locations within the layer below

q,2.J, which is also the region of the layer within which the slngle-element

far-wake was present for a similar value of Re k, as in Fig. 5. The exceedingly

steep variation of D/U o near _ : 0.3, corresponding to the vanishing of U/U o
seen in Fig. 8, is evidently a manifestation of the efficiency of the momentum

transport provided by the upstream-element wakes.

The results show, therefore, that the roughness produced a substantial

distortion of the flow. Although the region of the layer below the element

crests could not be surveyed because the experimental technique involved a

lateral translation of the roughness field, it is certain that forces of

significant magnitude in comparison wlth the wall stress must have been

generated by the pressure-drag of the elements and by the shear stress acting

upon their surfaces. For the region of the layer extending from the element

crests to an intermediate height near_ = 2.0, the velocity profile, and

particularly the vertical gradieii_ of velocity, were altered substantially with

respect to the Blasius result. As indicated above, this was evidently one

consequence of an enhanced vertical momentum transport generated by the wakes

of the upstream elements. However, a certain measure of the profile

modification observed here may have been due to the finite extent of the

roughness field along the streamwise direction. That is, the transient

condition experienced by the layer in its passage over the roughness field may

have contributed to the profile development, possibly through the mechanism of

the induced pressure field. It is believed that the contribution of this

spatial transient was weak because no evidence to the contrary was found in the

outer portion of the layer. There, the excellent agreement between the measured

profile and a displaced Blasius one showed that little retardation or

acceleration of the fluid could have occurred along a particular streamline, in

that region, therefore, the observed defect may be thought of as more apparent

than real, since it was the consequence of an outward displacement of the

flow, and not one of an axial force.

5. _TABILITY OF DISTORTED PROFILES

The first results available from the experiment consisted of near-wake

profiles similar to those of Fig. I. Although these did not pertain to a two-

dimensional flow, they were utilized as test data during the development of a

program to be used for finding suitable analytic representations of the

measured profiles. The resultant representations were incorporated into the

two-dlmensional, parallel-flow, linear stability program by L. M. Mack.

Stability calculations showed these profiles to be more stable than the Blasius

one, a result not initially expected. This was subsequently attributed to the

presence of the inner one of the two inflection points discernable within the

profiles of Fig. I. Because these pertained only to the three-dimensional

configuration, the finding was regarded as not significant for present
interests.

Unfoz tunately, distributed roughness flow profiles such as that of Fig. 8

could not be analyzed for stability characteristics because the velocity could

not be estimated with confidence in the region extending from the closest point

of measurement to the wall. Therefore, a profile measured at a station aft of

the #80 abrasive field described earlier was utilized for such purpose. The

defect profile and an analytic function which represents the data well are
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given in Fig. 10. This profile possessed but one inflection point, and

this was of such type as to destabilize the flow. Mack found that, for the

most unstable frequency of the Blasius layer at the appropriate Reynolds

number, the amplification rate was 6.24 x 10-3. In contrast, waves of the same

frequency in the profile behind roughness showed an amplification rate ;6.55 x

10 -_. This increase represents a drastic destabillzation of the layer, but

it is to be noted that this effect extended over a limited streamwise region

because of an eventual return of the profile to the Blaslus form .

Nevertheless, even small roughness of the type considered here may have an

important effect on stability and transition.

6. CONCLUSIONS

a. The wake of a single 3-D element at values of Rekbetween 25 and 135
was classified into near-wake and far-wake regions. The velocity defect within

the near wake scaled with the velocity at the element crest, and the spatial

dimensions apparently scaled with the element size.

b. The far-wake of the single element remained compact in comparison with

the boundary layer thickness and lay close to the plate surface. This wake was

persistent along the streamwise coordinate.

c. A characteristic feature of the far wake was the occurrence of a

negative velocity defect at the lateral centerllne. This excess velocity was

induced by the trailing vortex system of the element. This system, by its form

and by its persistence, probably constituted in general an important mechanism

for the transport of momentum in the direction normal to the plate in the case

of distributed roughness.

d. The interaction between two elements in proximity was weak; sheltering

was not large for separation distances exceeding two diameters, approximately.

The wake of one element surrounded by a multitude of others was readily
distinguishable, and remained compact in both cross-flow dimensions.

e. The most readily apparent effect of distributed roughness upon the

boundary layer flow was an upward displacement of a major portion of the

Blasius profile without alteration of form. The magnitude of the displacement

substantially e_ceeded the volumetric average thickness of the roughness

itself. The displacement was therefore caused by flow retardation within the

roughness field.

f. The prof£1e form within the region of the layer extending from the

element crests to _- 1.5 showed evidence of a momentum transport mechanism of

high efficiency. The vortical wakes of the upstream elements are believed to

have provided the transport.

g. The profile measured above distributed roughness was inadequate to

permit estimation of the velocity in the region of the layer below the element

crests, renderin_ £napp"cwr_-_e an analysis of the stability characteristics of

the layer, Instead, a f-of41e measured downstream of a distributed roughness

field was analyzed and shown to be highly unstable to Tollmeln-Schlichting
waves.
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h. The value of Re k for this latter case was only ten. Thus, even small-
scale roughness might affect transition if it had similar characteristics, in

terms of spatial density and steepness of slope, to that tested here.

I
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